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1. EXECUTIVE SUMMARY 
BNT162b2 (Comirnaty®, PF-07302048, Pfizer-BioNTech COVID-19 vaccine) is a vaccine 
for active immunization against COVID-19. Myocarditis/myopericarditis has been associated 


in some, but not all, studies following administration of BNT162b2. A variety of potential 


mechanisms may be involved, and more than one may be acting ina given subject, or 
between subjects. No clear mechanism has been elucidated. 


2. INTRODUCTION AND OBJECTIVES 
used by the virus SARS- 


BNT162b2 is a vaccine developed to prevent COVID-19 which is са 
CoV-2. During clinical trials in which >20,000 individuals were vaccinated with 30 pg 
BNT162b2, side effects were limited primarily to vaccine associated reactogenicity 
However, upon more widespread administration after EUA, rare cases (estimated overall 
incidence of 2.13/100,000 in one study) of generally mild myocarditis, more frequent 
(10.69/100,000) in males 16-29 years of age, were reported; these resolved in most 
individuals with or without treatment (Mevorach 2021, Witberg 2021). Interestingly, other 
large studies have shown increased risk of myocarditis/myopericarditis after administration 

of the Moderna mRNA-1273 vaccine, but not with BNT162b2 (Husby 2021). In addition, 
Husby reported increased risk in females but not males. Heymans (2022) reviewed a variety 
of studies and concluded that COVID-19 infection caused 1,000-4,000 cases of 
myocarditis/100,000 people, while the vaccine cause 0.3-5 cases/100,000, indicating a much 
higher risk of myocarditis following natural infection compared with vaccination. Thus, the 
risk of myocarditis/myopericarditis varies between studies and our understanding is evolving 
at the present time, and likely will continue to evolve over the next several years. At the 
present time, myocarditis/myopericarditis has not been defined as an adverse drug reaction 
(ADR) by Pfizer, and thus a causal relationship to BNT162b2 vaccination has not been made 
by Pfizer. Despite rare cases of reported myocarditis/myopericarditis, the benefit-risk 
assessment for COVID-19 vaccination is considered to have a favorable balance for all age 
and sex groups; therefore, COVID-19 vaccination is recommended for everyone 212 years of 
age (Bozkurt 2021, Heymans 2022, Husby 2021). Interestingly, the “background” incidence 
of viral myocarditis in general is estimated at 1-10/100,00 people (Heymans 2022). 


The objectives of this white paper are to 1) review the potential causes of 
myocarditis/myopericarditis, as well as determine the most likely mechanism(s) involved in 
the myocarditis/myopericarditis that has been associated in some reports with BNT162b2 
administration, 2) outline potential nonclinical (in vitro and in vivo) models and 
investigations that could be conducted to better understand the myocarditis/myopericarditis 
observed, and 3) provide recommendations on next steps. d 2 


$ 


At the present time, this white paper should be considered a living document as information 
is rapidly evolving. Thus, this information and recommendations is this document should be 
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3. BACKGROUND 


3.1. Composition of BNT162b2 
BNT162b2 (frozen liquid formulation) components are listed in Error! Reference source 


not found.. 


Table 1. Composition of BNT162b2 Drug Product, Multi-Dose Vial (225 pg/vial) 


Name of Reference to Function Concentration Amount Amount per 
Ingredient Standard (oat це рег via | 30 pg dose 
BNT162b2 In-house Active ingredient 225 pg 30 pg 
mRNA drug specification 
substance 
ALC-0315 In-house Functional lipid 7.17 3.23 mg 0.43 mg 
specification 
ALC-0159 In-house Functional lipid 0.89 0.4 mg 0.05 mg 
specification 
DSPC In-house Structural lipid 1.56 0.7 mg 0.09 mg 
specification 
Cholesterol USP-NF Ph. Eur." | Structural lipid 3.1> 1.4 mg 0.2 mg 
Sucrose USP-NF, Ph. Eur.* | Cryoprotectant 103^ 46 mg 6 mg 
Sodium USP-NF, Ph. Eur.* | Buffer component 6 27 mg 0.36 mg 
chloride. | 4 реф S 
Potassium. USP-NEF, Ph. Eur.* | Buffer component E 015 0.07 mg 0.01 mg 
chloride | | } 
Dibasic sodium | USP-NF, Ph. Eur: Buffer component. | 108 = 0.49 mg 0.07 mg 
phosphate, 
dihydrate* 
Monobasic USP-NF, Ph. Eur.* | Buffer component 0.15 0.07 mg 0.01 mg 
potassium 
phosphate* 
Water for USP-NF, Ph. Eur? | Solvent/vehicle qs s. 
Injection О 9.5. 


a. Incoming testing at each manufacturing site may initially be performed only i i 
receiving market's local compendia. er rin Shepp ae MR 
b. Values are rounded to maintain the same level of precision as the label claim, with traili 

shown, where applicable. For example, 46 mg sucrose is rounded from 46.35 mg (103 cer tid = 

s oe of pe d pits ue the same across sites as confirmed by the supplier Certificate of Analysis. 
How T. pes d 3 a manyfacturigg site Dy initially be performed only i in accordance with 

d. Dibasic sodium phosphate, dihydrate "а. аз disodium phosphate dihydrate i in the Ph. Eur. 

e. Monobasic potassium phosphate is named as potassium деси орана in the Ph, Eur. 
Abbreviations: ALC-0315 = ((4-hydroxybutyl)azanediy|)b 1-diyDbisQ-hexyldecanoate); 

ALCO159 = 2-[(polyethylene glycol)-2000]-N,N-ditetradecy Ч ч 

DSPC = | 2-distearoyl-sn-glycero-3-phosphocholine; q.s. = quantum satis (as much as may suffice). 
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Table2. Composition of BNT162b2 Tris/Sucrose Drug Product, Multi-dose Vial 


(225 ug/vial) 


Active ingredient 


BNT162b2 mRNA 

drug substance 

ALC-0315 Functional lipid 0.43 mg 

ALC-0159 Functional lipid 0.05 mg 

DSPC Structural lipid 0.09 mg 

Cholesterol Structural lipid 0.19 mg 

Sucrose Cryoprotectant 31 mg! 
0.06 mg 


Buffer component 


‘Abbreviati 

ALC-0315 = ((4-hydroxybutyl)azanediyl)bis(hexan 

ALC-0159 =2-[(polyethylene glycol)-2000]-N,N-di lA 

DSPC = I,2-distearoyl-sn-glycero-3-phosphocholine 

q.s. = quantum satis (as much as may suffice) 

HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
dihydrate 


e-6, |-diyl)bis(2-hexy! 
ide 


Figure 1. Schematic of BNT162b2 Nucleoside-Modified mRNA 


BNT162b: Nucleoside- 
modified mRNA (modRNA) 


jų ty 


UTR ,A30-L-A70 


The BNT162b2 nucleoside-modified mRNA. consists of a single-stranded, 5'-capped mRNA, with 5' and 3" 
untranslated regions and a poly-adenosine tail, that is translated upon entering the cell. 

BNT162b2 also includes the incorporation of modified nucleosides (N1 -methyl 
pseudouridine) with blunted innate immune sensor activating capacity (ss- and dsRNA 
sensors [TLR7 and TLR3, respectively] and RIG-I/MDAS in cytosol) and thus augmented 
expression. These structural elements of the vector backbone of Comirnaty are optimized for 
prolonged and strong translation of the antigen-encoding RNA component, The LNP protects 
the RNA from degradation by RNAses and enables transfection of host cells after IM 


delivery. 


3.1.2. BNT162b2 Lipid Nanoparticle and Lipid Components 


The LNPs in BNT162b2 are comprised of four lipids (Table 2): (1) ALC-0315 (4- 
hydroxybutyl)azanediyI)bis(hexane-6.1 -diyl)bis(2-hexyldecanoate), a proprietary ionizable 
aminolipid, (2) ALC-0159 (2-[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide), a 
proprietary PEG-lipid, (3) DSPC, and (4) cholesterol. ALC-0315 is the major lipid 
component in BNT162b2 and is included in the LNP to confer distinct physicochemical 
operties that regulate particle formation, cellular uptake and endosomal release of the 
mRNA. ALC-0159 (PEG-lipid) stabilizes the particles, facilitates homogeneous particle 
sizes, and when administered, provides a transient steric barrier to minimize interactions with 
plasma proteins. DSPC and cholesterol are naturally occurring lipids, present in mammalian 
cell membranes, and are included in the LNP as structural lipids. Of the four lipids that form 
the LNP in BNT162b2, two are novel excipients (ALC-0315 [aminolipid] and ALC-0159 
[PEG-lipid]). The BNT162b2 LNP diameter is «100 nm. . Р 
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Table 3. Composition and Dose of BNT162b2 LNP 


Œ 
hydroxybutyl)azan diyl 
bis(hexane-6,1- р 


on on other COVID-19 vaccines RM MEIN 2-01 


д Бејл LOS Ив o (UPS 
звани а cs 


Table4. Basic Characteristics and Dosing Information for Other Nucleic Acid 
COVID-19 Vaccines and an RNA Therapy 


Name Manufacturer Type of Nucleic | Target LNP? Dose, Route, Dosing 

Acid Used Schedule, Number 

p. wal Doses E 

COVID-19 Vaccines 
mRNA-1273 Moderna Modified- SARS-CoV-2 | Хе 100 ug RNA/dose 
(Moderna nucleoside spike protein IM 
COVID-19 mRNA 0 and 28 days, 
Vaccine; Booster at > 6 mo 
elasomeran, 2 doses 
Spikevax) D 4 E 
Ad26.COV2-S. | Johnson and Adenoviral SARS-CoV-2 | No 8.92 logo infectious 
[recombinant] | Johnson vector spike protein units 
(Janssen or (Chimpanzee IM 
Johnson& Ад26) Single dose 
Johnson Booster dose 
COVID-19 
Vaccine) 


AZD1222 
(AZ COVID- 


Adenoviral 
Zeneca vector 

(Chimpanzee 
ChAdOx! 


spike protein 


03 mg/kg («100 kg), 
30 mg (7100 kg) 
IV infusion 
Every 3 weeks 


Onpattro ‘Transthyretin 
(patisiran) mRNA 


a.mRNA-1273 LNP is composed of cholesterol, DSPC, SM-102 (heptadecan-9-yl 8-{(2-hydroxyethy!)[6- 
oxo-6-(undecyloxy)hexylJamino} octanoate), 12-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol- 
2000 (PEG2000 DMG). 

b. The Onpattro LNP is composed of cholesterol, DSPC, DLin-MC3-DMA, and PEG2000-C-DMG. 


3.3. Description of Myocarditis, Myopericarditis, and Pericarditis 


Myocarditis is characterized microscopically as focal or widespread inflammatory cell 
infiltrates in the heart muscle, with or without cardiac myocyte injury (Lasrado et al, 2020; 


| 
E 


nic i» icul; rrhyth is Сага o et al; 20 о‹ 
symptoms and minimal ventricular dysfunction often solve without s X 
the majority of patients with biopsy confirmed myocarditis do not progress to dilated 
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nosis. The underlying cause of the myocarditis will 
1, 2007). Pericarditis may also present with chest 

1 effusion and pericardial friction rub 

is is self-limiting and will respond to anti- 
s and pericarditis has been 
rmine the level of 


hich has a poor prog 
sis (Carforio et a 
but also with pericardia 
ients, pericardit 
| diagnosis of myocarditi 
s out criteria to dete. 


cardiomyopathy, W 
often determine progno 
pain and ECG changes, 
(Lasrado et al, 2020). In most pat 
inflammatory medications. Clinical 
defined by the Brighton Collaboration, which lay: 
certainty of the myocarditis or pericarditis diagnosis m 
denn nrightoncollaborationus/myocarditis-case-definition-update Myocarditis is 
definitively diagnosed by endomyocardial biopsy. It is important to note that incidental 
microscopic cardiac inflammatory infiltrates are not uncommon (18% of hearts), and 
inflammation with necrosis may also be seen (~5%) and may be considered contributory to 
the cause of death in some cases (Zhang 2013). Thus, there is a background of inflammatory 
infiltrates and even myocardial necrosis. However, less invasive methods may be used in 
combination to diagnose myocarditis and include clinical signs, elevations in cardiac 
biomarkers (eg, cTnI), ECG alterations, and heart abnormalities by imaging (eg. MRI, 
radiographs, echocardiogram). Pericarditis is definitely diagnosed by pericardial biopsy but, 
may also be diagnosed to varying degrees of certainty by clinical symptoms and physical 
exam findings, ECG changes, and cardiac imaging. 


In most cases, the cause of myocarditis is not determined, but when identified, it is usually 
ünie-mediated myocarditis may. also occur in. individuals 


the result of a viral infection. Imm 
with underlying autoimmune diseases such as lupus, or in those who may be genetically 


predisposed to cardiomyopathy. Other causes of myocarditis, such as hypersensitivity 
myocarditis, giant cell myocarditis, and sarcoidosis are uncommon. While myocarditis and 
pericarditis can occur at any age, young males <30 years of age are more commonly affected 
compared with men older than 50 or females of any age (Wang et al, 2021, Lasrado et al 
2020, Kyto et al, 2013). Testosterone has been implicated as a risk factor for coxsackievirus- 


related myocarditis susceptibility in rodents (Leyden et al, 1987). 


Myocarditis may be classified in several ways, includin; i i i 

уос ay be cla 5 g by cause, microscopic find 
clinicipathologic criteria (Blyszczuk 2019). Microscopically, the type of трек E 
defined by the cellular infiltrate identified from endomyocardial biopsies or autopsy heart 
tissue, when such information is available. Some microscopic classifications are shown 


below: 
• Active myocarditis is associated with myocyte necrosis і 


* Borderline myocarditis includes inflammatory infiltrate without myocyte necrosis 


«ML ympbocytic myocard ts typically а шуа ык 
пе ел y is is typically associated with viral infections, toxicants, and 


Giant cell infiltrates (giant cell myocarditis) may be associated with autoimmune 


erally idiopathic. 


• po" ammation is usually due to the disease sarcoidosis. 
do ves and young adult males 
thera) 
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Figure2. Age Distribution of All (n=3198) Myocarditis Patients 
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The background incidence of clinical myocarditis in any age group, regardless of cause, is 
difficult to determine as endomyocardial biopsies, the gold standard for confirmation of 
myocarditis, are infrequently conducted (Caforio et al, 2013). In young individuals with 
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sudden death attributed to cardiac causes, microscopic diagnosis of myocarditis at autopsy 
has been reported with high variability, ranging from 2% to 42% in prevalence (Caforio et al, 
2013). However, scant infiltrates are common in the heart unassociated with disease and have 
been reported in up to 48% of autopsy specimens from young individuals dying acutely from 
traumatic injuries (Kitulwatte et al, 2020; Claydon et al, 1989). In adults and children with 
dilated cardiomyopathy, biopsy-proven myocarditis has been reported at 9% 1016% and 46%, 
respectively (Caforio et al, 2013). In cases where patients have mild signs/symptoms and 
minimal ventricular dysfunction, myocarditis often resolves without specific treatment. 
However, myocarditis in some individuals can progress to dilated cardiomyopathy, which 


generally has a poor prognosis. 


Elfstrom et al (2007) investigated the risk of myocarditis, cardiomyopathy, and pericarditis in 
a general population cohort of approximately 14000 individuals with celiac disease and 
approximately 69000 age- and sex-matched reference individuals in Sweden. The analysis 
indicated that the median age of onset in the reference group was 22.5 years old for 
myocarditis and 57 years old for pericarditis. In individuals <15 yo, the incidence per 
100,000 person-years was 3.45 for myocarditis and 3.16 for pericarditis. In individuals 

>16 yo, the incidence per 100,000 person-years was 4.4 for myocarditis and 18.0 for 
pericarditis. 

Li X (2021) used observational data collected from 01 Jan 2017 through 21 Dec 2019 from 
13 databases in eight countries (Australia, France, Germany, Japan, the Netherlands, Spain, 
the UK, and the US) to describe the background incidence of 15 pre-specified AESIs, during 
a time prior to the COVID-19 pandemic, that may be associated with COVID-19 vaccines 
(Li X 2021). While large variations were observed between databases in age and sex-specific 
estimates for each AESI, similar age and sex-related trends were observed in most databases 
and pooled rates. Table 5 outlines the background incidence rates per 100,000 person-years 
for myocarditis or pericarditis as described by Li X (2021). Overall, the incidence of 
myocarditis or pericarditis was higher in males compared with females. 


Sex Stratified Incidence Rates (Li X 2021) 
ia 
Cohort 
[ае | aoa | шэ | oo | (бит) | aren | aree | ewu | 


Table 5. Background Incidence of Myocarditis or Pericarditis: Pooled Estimated Age and 
Incidence Rate per 100,000 Person Years (95% prediction interval) 
EAI JP. 7, Bv и ЖЫШ 
Lag (ИЧ mif A ө Cn Dd m RN о 
(1 to 32; 16 to 88 16 to 87) Oto 102) | (17 to 139) | (1510 193 9 to 193 
ocarditis has 


my 


AL bear of i iVidulf - Y 
2010). However, mild and moderate inflammation (which was associated with myocyte 
necrosis) was also present, with moderate inflammation only identified in individuals under 
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25 years of age (6% of that age group [3 out sp (Table 6). The inflammatory 
cell infiltrates were primarily lymphocytic, with some mixed inflammation. These lesions 
were not associated with edema, fibrosis or myocyte hypertrophy. In another review of the 


incidence of myocarditis as an incidental finding at autopsy in m! 
revealed 4 of 27 individuals had subclinical myocarditis ( 
between individuals was variable and ranged from primarily lymphocytic to primarily 
neutrophilic and included one individual with lymphocytes, neutrophils, 
macrophages, and plasma cells. All individuals had some degree of myocytolysis (Claydon, 
1989). These data indicate that subclinical myocarditis is a common finding in men under 

30 years of age. Because most of the sudden death due to trauma cases were males, there was 

ditis from autopsy specimens. 


no discerning a sex difference in subclinical myocar 
psy in Different Age Groups from 


Table6. Incidence of Myocardial Inflammation at Auto| 
Males, 19% Females with No 


Individuals Dying of Traumatic Injuries. (81% 


History of Myocarditis) 

Age ES 1620 y 2125y 26-30 y 31-35 y 36-40 y Total 
Groups 
None 3 12 7 Z 5 2 36 
Scant 1 5 13 14 9 6 48 
Mild 1 1 2 2; 4 3 13 
Moderate «1 1 1 0 0 0 3 
Total 6 19 23 23 18 11 100 


3.4. mRNA Vaccine Clinical Trial and Post-Authorization Е: i i 
Spies apice dien on Experience Relative to 
Within the participants 16 years of age and older from the Pfizer clini 1 
particip cal trial dataset, twi 

cases of pericarditis were reported through the data cut-off date of 18 June 2021. These hies 
Sx from the Phase 3 clinical study C4591001 and both were deemed not related to 
E ex qid Ly ле vy were no cases of myocarditis reported as serious 

Vi шц ta cut-off да! igi 
[erum duo ul te of 18 June 2021 (US Pharmacovigilance Plan for 


м у 
Since April 2021, increased cases of myocarditis and репсаг и 

2021, ocarditi pericarditis have bee: i 
ua zd DAP copo. 9 vaccination (Pfizer-BioNTech and Өш, f 
bdsm р lescents ana yoo adults (CDC 2021). There has not been a similar 
pes Po БМ "ons er administration of the Janssen COVID-19 Vaccine (Johnson 


Cases of Myocarditis and Pericarditis are assessed internally 
[М Мао pence iia a ssessed i as per Brighton Collaboration 
5016. 021 an on 5.) ly.20: cti 
rdiography, and не: Pu 
Муй ной ранган step rep ord strc rn estaba = M б 
Ms ugh Pfizer's spontaneoi i 
assessed ы BC level 1 or confirmed Myocarditis and Pericarditis. The parieti of cases 


1, to a pattern of Myocarditis cases occurring in majority of young 


conform, as рег the labe Ting / | 
in the first two weeks postvaccination, and recovering with 


males below 29 years of age withi 
standard treatment. 


In most cases, patients who presented for medical care have responded well to medications 
and rest and had prompt improvement of symptoms. Reported cases have occurred — 
predominantly in male adolescents and young adults >16 yo. Onset was typically within 
several days after mRNA COVID-19 vaccination (from Pfizer or Moderna), and cases have 
occurred more often after the second dose than the first dose. The CDC and its partners are 
investigating these reports of myocarditis and pericarditis following mRNA COVID-19 
vaccination. The severity of myocarditis and pericarditis can vary- For the cases reported 
after mRNA COVID-19 vaccination, most who presented for medical care have responded 
well to conservative medications and rest. 


Based on these data and those from other geographic regions including Israel and the EU, 
and at the request of Health Authorities, the product labels were updated to include the 
following: 


The USPI and EUA Fact Sheets now include the following statement in Warning and 
Precatition: Post marketing data demonstrate increased risks of myocarditis and pericarditis, 
particularly within 7 days following the second dose of the 2-dose primary series (USPI 
revised 12/2021). The observed risk is higher among males under 40 years of age than among 
females and older males. The observed risk is highest in males 12.through 17 years of age. 
Although some cases required intensive care support, available data from short-term follow- 
up suggest that most individuals have had resolution of symptoms with conservative 
management. Information is not yet available about potential long-term sequelae. The CDC 
has published considerations related to myocarditis and pericarditis after vaccination, 
including for vaccination of individuals with a history of myocarditis or pericarditis (CDC 
2021). 


The European Union (EU) Summary of Product Characteristics (SmPC) was updated to 
include myocarditis and pericarditis as adverse drug reactions in Section 4.8, as well as to 
Section 4.4 Special warnings and precautions. In addition, at the request of the 


Pharmacovigilance Assessment Committee (PRAC), a Direct Healthcare Provider 
Communication (DHPC) was distributed in all EEA countries to ensure that healthcare 
providers (HCPs) are aware of the potential for myocarditis and pericarditis associated with 
COVID-19 mRNA vaccine use. Myocarditis and pericarditis were also included as an 
Important identified risk in the EU RMP Version 2.3 (dated 04 August 2021 ongoing 
procedure) and in the US PVP Version 0.6 dated 28 July 2021. : 


Additional post-authorization/post-marketing studies to 
м follow up, are being 
n 
BNT162b2 reveal no speci 


studies of repeat-dose toxicity and reproductive and developmental toxicity. Rats 


PFIZER CONFIDENTIAL 
Page 19 


g a total of three doses of 30 ug mRNA or 100 ug 
ction site edema and erythema, higher white 
nstained cells but, including monocytes 
hase proteins consistent 


gher acute p' У 
f portal hepatocytes without evidence 


istered BNT162b2 IM (receivin 10) 
demonstrated some inje! 


ly neutrophils and large u | 
and to a lesser extent basophils and eosinophils), and hi 


with an inflammatory response, as well as vacuolation 0: i Ў £ 
of liver injury. All effects were reversible. There were no vaccine-related microscopic 


findings in the heart. Similar results were seen with 2 other COVID-19 vaccines candidates 
usd in repeat-dose toxicity studies that used a similar study design: BNT162b1 at 30 or 
100 ug mRNA/dose and BNT162b3 at 30 ug mRNA/dose. In a combined fertility and 
developmental study, female rats (44/group) were administered 4 IM doses (30 ug Бы 
mRNA/dose) of BNT162b1, BNT162b2, or BNT162b3 (21 and 14 days prior to cohabitation 
with untreated males and on Gestation Days 9 and 20). There were no vaccine-related 
changes identified on mating performance, female fertility, pregnancy, or embry-fetal or 


postnatal survival, growth, or development. 


admini 
mRNA once weekly 
blood cells (predominant 


-related microscopic findings in the heart were identified 
-VTR-10671) in rhesus monkeys (Vogel et al, 


In addition, no evidence of vaccine 
d with BNT162b2 IM (receiving two doses of 


in an immunogenicity and challenge study (VR: 


2021). In that study, 6 monkeys were immunize: 
30 [human dose] or 100 pg mRNA once every 21 days) or BNT162b1 IM (receiving two 
doses of 100 pg mRNA once every 21 days) and subsequently challenged with 1.05 x 106 
plaque-forming units of SARS-CoV-2 (strain USA-WA1/2020) between 41 and 55 days after 
252. Necropsies were conducted 7 or 8 days after the SARS-CoV- 


the second dose of BNT 16 
2 challenge and a microscopic evaluation of a limited tissue set was conducted, including the 


heart. There were no macroscopic observations in any of the tissues and the main 
microscopic finding was lung inflammation. 


The Moderna COVID-19 vaccine (mRNA-1273), also an mRNA/LNP-based vaccine, was 
assessed in general toxicity studies in rats (Moderna COVID-19 Vaccine SmPC and EPAR 
Public Assessment Report). IM administration of up to 4 doses (doses ranging from 9 to 150 
ug mRNA/dose; once every 2 weeks) caused transient and reversible injection site edema 
and erythema and transient and reversible changes in laboratory tests (including higher 
eosinophils, activated partial thromboplastin time, and fibrinogen). Similar to BNT162b2. 
there were no reports of vaccine-related microscopic findings in the heart with mRNA-1273 


None of the nonclinical studies with either the Moderna COVID-19 i 
suggested a risk of myocarditis/pericarditis in humans. y du рт 


3.5.1. ACE2 Expression Pattern 


ACE2, the receptor for SARS-CoV-2 cell bindin, is Wi i 
! g, is widely expressed in human ti 
Ваз оп Human Protein Atlas data, ACE2 protein/RNA expression is greatest in ШӘ É 
(tissue Far for RNA kidne ^s gallbladder, pancreas, bronchus, пазорћагупх, 


| oth 


t 1 T gulated i дат | 

ca ЫЫ Protein Atlas, 2021; Goulter et al, 2004; Chen et al, 2020; 

Hikmet et a, 2020 Li tal 200) Internal data (Zoomap) indicated a similar pattern of | 
pressi, cynomolgus monkey, dog, and mouse; internal data for rat or rhesus are 


PFIZER. IDENTIAL 


zoomap/?GENE=AC E2). 


not ayailable (nttp://rstudio-hpe.pfizer.com/rsconnect/proteon ге МЕ 
indicates a similar pattern to 


External mRNA expression data for rhesus available at bgee.org Е 
human and other preclinical species. Table 7 shows transcript (mRNA) and protein sequence 
similarities between human and nonclinical species. ACE2 has at least 79% protein sequence 
homology between human and nonclinical species. 


Table7. АСЕ2 Homology Between Human and Animal Species 


% Identity % Identity 
Ortholog to Human to Ortholo 
Species Ne ad Ensembl Gene ID Human Ortholog g Type 
(Transcript | (Transcript | 
Protein Protein 
сувој s "АСЕ2 сој наши 80195 35195 one2one 
dogs ACER Xp add 8784 34|84 one2one 
rat Ace2 ENSRNOG000000 85183 ! „ "26179 one2one 
31665 
mouse Ace2 DUAE oom 84|82 40 | 82 one2one 
4 ENSOCUG000000 
rabbit ACE2 17782 86| 85 37185 one2one 


па ns ушм” аи 


4. POTENTIAL MECHANISMS OF MYOCARDITIS AND PERICARDITIS 
4.1. Known Causes of Myocarditis and Pericarditis 


Myocarditis is inflammation of the heart muscle (myocardium) (Tschópe et al, 2021), and 
pericarditis is swelling and inflammation of the thin, sac-like tissue surrounding the heart 
(pericardium) (Troughtom et al, 2004). In both cases, the body’s immune system causes 


inflammation in response to a variety of infections and non-infectious triggers. 


Myocarditis may be infectious, idi s 
Mon pr Ha 


mune 


Ciel Ried Mina M, 
and hepatitis C, eic) are presumed to be the most pathogen (Tschöpe et al, 2021). In 
a recent study from Israel, SARS-CoV-2 infection was also found to be associated with an 
increased risk of myocarditis, 11 events per 100,000 persons (Barda et al, 2021). Other 
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іа (eg. Borrelia burgdorferi — the cause 


infectious s ^ been implicated are bacter 

infectious agents that have been imp р (eg. ; и Е 

Lyme disease). protozoa (eg. Trypanosoma cruzi), and fungi (eg. Candida) (Tschópe et al, 

0 э us causes of myocarditis include a wide range of 
aint inhibitors, reported 


2021; Cooper Jr, 2009). Non-infectio 
chemicals, toxic substances and drugs 


incidence of 0.04% to 1.14%), as well as sy 
2020; Tschópe et al, 2021). 


The damage to the myocardium is often progressive with 
phase. In acute phase I, initial insult (infectious or non-in 
е II is thought to be 


The further development of myoc 

predominantly а result of autoimmune responses triggered by the initial injury. In the third 
phase (chronic), DCM develops in approximat i itis cases and may 
progress despite cessation of the first two processes (Mason, 2003).The cause of pericarditis 
is often unknown. Acute pericarditis is often accompanied by some degree of myocarditis as 
the common etiologic agents are shared. Viral infections are the most common reason. 
Chronic and recurring pericarditis may be caused by autoimmune disorders (such as lupus, 
scleroderma, and rheumatoid arthritis). Other causes of pericarditis include heart attack and 
heart surgery, kidney failure, HIV/AIDS, cancer, tuberculosis and other health problems, 
injuries from accidents or radiation therapy and certain drugs, such as phenytoin (an anti- 


seizure medicine); warfarinand-heparin (both. blood-thinning medicines), and procainamide 
(a medicine to treat irregular heartbeats) (Imazio et al, 2015). 


Myopericarditis, Pericarditis, and Perimyocarditis 


(such as immune C 
askas et al, 


stemic immune-mediated diseases (Pal 


three pathogenetically distinct 
fectious) to the myocardium occurs. 


4.2. Vaccine-Related Myocarditis, 


ee terms have been d for inflammation of the pericardium and myocardium as it 
relates to vaccinations, and the use of the terms does not always appear i 

clinical practice, both pericarditis and myocarditis often uem qum de лк E 
2008). Myopericarditis indicates a primarily pericarditic syndrome, while perimyocarditi 
indicates primarily a myocarditic syndrome, but the terms may be used interchangeabl E 
(ш and Trinchero 2008). To confirm a diagnosis, microscopic evaluation is М but 
s € of heart tissue can be risky (Imazio and Trinchero 2008). Many cases presumabl 
ack microscopic confirmation, and thus technically would be considered sus d У 
probable. For the purposes of this section, the term myocarditis will be xo the 


current discussions in scientific literature around A. vaccine: 
у ns the mRNA. iti 
it қ ї 5, the terms myocarditis 


oe te and 1960's Gent 

m 0.01% to 3%. In one of the studi 004), the um 

he 6 es noted by Cassimatus 

accinated subjects was 234 (Helle et al 1978, only дөя Не Ла г x ur 
й r reports, 
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did not specify the total number of subjects. 
rted in 2 fatal cases (Mathieu 1953 as described 
ench and not available]; Dalgraad 1957). It 
from other fatal cases were available for 


the abstracts (the only information available) 
Lymphocytic infiltration in the heart was геро; 
by Cassimatus et al 2004 [original article in Fr 
was not mentioned whether tissue from hearts 

microscopic examination. In children in the same timeframe, the European literature reported 
at least seven non-fatal cases of post-vaccinial myocarditis and two fatal cases, both with 
inflammatory infiltrates (but no eosinophils) in the myocardium (Larbre 1966, and Gatta and 
Pieroni 1976, as described by Cassimatus et al 2004 [original articles in French and Italian 

and not available]). The Australian literature reported 11 non-fatal and 1 fatal adult cases of 
post-vaccinial myocarditis (reviewed by Cassimatus et al 2004), the last with a mixed cardiac 
infiltrate (Finlay-Jones 1964). In contrast, cardiac complications were rarely described during 
that time period in the US, with only two non-fatal adult cases and two fatal adult cases. It 

was thought that this difference was due to the use of a different strain of vaccinia in the US 
(the New York City Board of Health strain [Dryvax, Wyeth Laboratories, Marietta, 
Pennsylvania]). However; between: Dec 2002 and Dec 2003 the US military vaccinated over 
540,000 personnel with this strain and higher than expected rate of myocarditis was observed 
(Cassimatus et al 2004, Eckart et al 2004). Detection of cases was based on surveys of initial 
small numbers of vaccinated individuals, or reporting of sick individuals (thus, asymptomatic 
cases would not have been detected). A total of 67 subjects developed myocarditis 10.4 + 3.6 
days after vaccination out of 540,824 vaccinated, ог 12 cases/100,000 (0.012%). While the 
expected background rate of myocarditis was not provided in this study (Eckart et al 2004), a 
report slightly early in the vaccination campaign indicated a background rate of 2/100,000 
(Arness et al 2004), and this number appears to be a good estimate of the background 
incidence in this population, and suggests an incidence ~6x that of the background. Given the 
higher incidence of myocarditis, it was thought that the lower rate reported previously in US 
might be due to variations in monitoring and reporting, and not actual differences in 


incidence (Cassimatus et al 2004). 


PROJECTVERITAS.COM 
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yocarditis/Myoperica rditis 


Table 8. Selected Reviews оп Smallpox Vaccine-Related M 
(Case Reports are Not Included) = 
Approximate | 1950's and |1960's 2002-2003 2004-2010 
Time of 1960's | 
== | Europe Australia United States (Military “| United States 
Vaccination Campaign) (Generally 
Military and 
Their 
Beneficiaries) | 
Reference(s) Summarized Summarized TA number of publications Engler et al 
by y described the myocarditis 2015 
Cassimatus | Cassimatus following vaccination as 
et al. 2004 etal2004, _ | the issue evolved. Eckart et 
Finlay- al 2004 provides the most 
Jones 1964 | complete data set from the 
end of the campaign. Some 
other publications also 
have useful commentary, in 
particular Halsell et al 2003 
who published on 


information up to the early 
middle of the campaign, as 
well as Cassimatus et al 
2004 and Arness et al 2004 
who published on 
information up to the late 
middle of the campaign. 


In the case of the US military vaccinations, s 1 arti i i 
vaccination campaign (Halsell et al 2003, ie aee n 200 ra P MU, urbs 
al 2004). Halsell et al published earlier in the vaccination hi а иа Eo S 
Serie d nen in the late middle on ~450,000 оса 
ра ied equ "a on 492,000 vaccinees, and Eckart et al published at the end of 
рысак а АНЕ Poo cells ees, Thus, the same cases are presented in multipl : 
additional articles y incidence is slightly different across the publications, А Ex 
Winkenwerder уур: lished, but до not add addtional information (eg Bites a 
Mes 03), and these’are not presented in this fub Moe e t Кош 2 
ise ugue n P O MEN xu bp m 
estimated at 2.16/ 100 000 in th RAM 124400/000: und rat 
i «16/100, lated study b; NACE cl та) 
the right ventri: E: EIC 55007, у Arness et al 2004). Mi i = 
NIA ias a e o biopsy in one атаан cede 
al 2003). Primary vaccinia infe macrophages associated with myocardial SU ME 
of this patient with steroids ection was ruled out in this patient via PCR analys мса 
уе Еа сее tha не аи analysis. Treatment 
not infectious, While the 
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authors attributed the findings to smallpox vaccine, the patient also received pneumococcus, 
meningococcus, influenza, and anthrax vaccines in the same timeframe (Murphy 2003). If 
this was true of many of the other cases (which is unknown), it seems difficult to identify 
smallpox vaccine as the actual cause vs other vaccines. It should be noted that cardiac 
inflammation can also occur in natural smallpox infection (Cann et al 2013, Woodruff JF 
1980). In a review, Cann et al (2013) notes that "By today's standards little is known about 
the systemic pathology of human smallpox.......descriptions of changes in major organ 
systems [other than cutaneous and mucosal lesions] are absent or incomplete and difficult to 
interpret". Cann et al (2013) also note that cardiac lesions as reported in the literature were 
“infrequent” or “rare” depending in different areas of the article (note, I did not review all the 
papers Cann referenced). Changes were described as multifocal myocardial and 
subendocardial hemorrhage, and lymphohistiocytic and eosinophilic myocarditis and 
epicarditis (Cann et al, 2013). 


To address some of the questions, a prospective study evaluating the cardiac effects of 
smallpox vaccination or trivalent influenza vaccination was conducted (Engler et al 2015). 
Myocarditis (4 males) and pericarditis (1 female) was observed in smallpox vaccinees out of 
a total of 1081 subjects, and this incidence (0.46%) was over 200x the background 

population (background estimate of 0.0022% for clinical myocarditis); the 0.46% was higher 
than that reported by Eckart et al (2004). In addition, 31 smallpox vaccinees without cardiac 
symptoms had over 2x higher cardiac specific troponin (2.87%). This provides a total of 
3.42% of subjects with heart effects in this study. No evidence of myopericarditis was seen in 
the influenza-vaccinated group. The peak inflammation following smallpox vaccination 
occurs around day 8-9 and included a predominantly ТҺ1 cytokine pattern (IFN gamma, 
TNF, IL-6, etc) (Cohen et al, 2010; Simon et al, 2014), which matched the peak of 
myocardial injury (Engler et al, 2015), suggesting a link between the vaccine-induced 
inflammation and myocarditis or pericarditis. Due to the prospective nature of this study, it is 
probably the best data set regarding the true incidence of myocarditis following smallpox 
vaccination, and we are not aware of other prospective studies after smallpox vaccination. 
The higher incidence of myocarditis reported prospectively by Engler et al (2015) supports 
the suggestion that myocarditis following smallpox vaccination was underreported prior to 
the 2002-2003 yaccination campaign (Cassimatus et al 2004), and that assessments that rely 
in subjects to self report also likely underreport the actual incidence. On the other hand, it is 
also likely that underreported cases are mild and resolve without treatment. à 


Beyond smallpox , myocarditis associated with vaccination has been ге 
Про; › a ported only уе 
rarely. Vaccination against HPV ; meningococcus; hepatitis A; typhoid; Japanese edu. 
virus; anthrax; combined diphtheria tetanus; polio (TdP) vaccines; and influenza have all 
been associated with myocarditis, but clear causality has not been shown (Mei et al 2018) 
1 i io үү A 

а c eire das 1 the findings Я s nsit там 

so not there was no definite evidence to sui i * 

also not 1 ite evid рро a causal link betw 
мо vaccine and myopericarditis, Streifler et al first described aa 
peric ры influenza Vaccination in 1981, Kim et al (2018) reported a case of acute 
Lario feuis рг previously healthy young female following the administration of 
inactivated influenza vaccination. Cheng et al (2016) reported a syndrome ч 
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e induced by adjuvants (ASIA), with signs 
nation with the MF59 adjuvant. The case 
ated quadrivalent influenza vaccine without 
hereas the case reported by Cheng et al 


known as autoimmune/inflammatory syndrom Ў 
including myocarditis following influenza vacct 
reported by Kim et al (2018) received an inactiv. 


adjuvant (GC Flu Quadrivalent, Green Cross), W! | 
(2016) received an inactivated trivalent influenza vaccine with MF59 adjuvant (Fluad, 


Novartis). Thus, the presence of the adjuvant is not required to initiate myocarditis. A fatal 
case of myocarditis was reported in children between 6 to 23 months after administration of a 
trivalent inactivated influenza vaccine (Rosenberg, 2009). The authors concluded the causal 
relationship between influenza vaccination and development of myocarditis was not certain 
(Rosenberg, 2009). Overall, it is controversial whether myocarditis is causally related to 
influenza vaccination or merely a serendipitous occurrence. Engler et al (2015) did not report 
evidence of myocarditis following influenza vaccination of 189 subjects, although other new 
onset cardiac signs were seen in a small number of subjects. Helle et al (1978) report that up 
to 3% of Finnish military conscripts had evidence of myocarditis following vaccination 
against mumps, polio, tetanus, smallpox, diphtheria and type A meningococcal disease based 
on serial ECG changes suggestive of myocarditis. 


The specific mechanism of post-vaccination myopericarditis is unclear. Cassimatus et al 
(2004) note that myocarditis remains a poorly understood entity and may be the final result 
of a process that can be comprised of multiple pathways (eg, ischemic, infectious, post- 
infectious, autoimmune, toxic). Vaccination with adjuvant influenza A results in systemic 
inflammation and impacts on heart rate variability suggesting the inflammation impacts the 
heart (Lanza et al 2011); the finding of systemic inflammation following vaccination is not 
surprising. Engler et al (2015) suggested a link between inflammation and myocardial 

effects. Cytokines such as IL-1 and TNF have been shown to play a role in experimental 
myocarditis (Lane et al 1993, Mann 2001, Lim et al 2002, Yamada et al 1994). Cytokines 
associated with sepsis, including TNF, IL-1, IL-2, IL-6, and IFN-gamma, are considered to 
be myocardial depressants following the acute response, which can be mixed stimulatory and 
depressant (reviewed by Prabhu 2004). As noted above, the timing of the peak dm 
response to smallpox coincides with the peak incidence of myocarditis around day 8 to 9 У 
(Cohen et al, 2010; Simon et al, 2014), suggesting there may be a relationship En ler et al 
2015). although this timing is later than the 2 to 3 day range often reported with BNT16262 


In conclusion, myocarditis or pericarditis has been associated with i 
J several 

data come from a relatively small number of case reports. Substantially Bore омео is 
available on myocarditis and pericarditis associated with the smallpox vaccine because it was 
«шщ stered j ied e 17 n pn, pé for better follow up. None of the existing 

ппайїо nce of a clear, specific mechanism for inducing myocarditi 
Foros tend to center around induction of systemic inflammation by levatis, which 
kh gra Wig ep or pericarditis by еш specific mechanisms. Many case Teports do 
d other causes, and do not factor in the background incidence, which may impact 
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4.3. Discussion of Potential Mechanisms Related to BNT162b2 Administration 


4.3.1. Direct cardiotoxicity 


It has been reported that modRNA can be delivered to damaged myocardium via LNPs 
(Evers et al 2022). However, based on the infrequent occurrence alone of the pericarditis and 
myocarditis after vaccination as well as the most frequent timing when the observations 
occur (after the second dose), it is highly unlikely that administration of BNT162b2 is having 
a direct cardiotoxic effect. In addition, repeat-dose toxicity and biodistribution studies in 


animals do not support this conclusion. 


The components of BNT162b2 are not known cardiotoxins. The vaccine is composed of 
mRNA, comprised of naturally occurring nucleosides, as well as lipids. Cholesterol and 
DSPC are naturally occurring lipids. ALC-0159 and ALC-0315 are similar to lipids (DLin- 
MC3-DMA and PEG2000-C-DMG) used in Onpattro (patisiran), an siRNA/LNP therapy for 


treatment of transthyretin-mediated amyloidosis, which did not show evidence of direct 
cardiotoxicity (Onpattro Public Assessment Report). The other excipients of the vaccine 


include phosphate or tris buffers, NaCl, and sucrose. 


4.32. Viral/bacterial, underlying condition, drug/toxin-related 


4.3.2.1. Acute/active viral infection 

In the published reports of myocarditis after mRNA COVID-19 vaccine administration, 
SARS-CoV-2 polymerase chain reaction and viral serology for other main cardiotropic 
viruses were negative, and therefore, although we cannot rule out the viral myocarditis 
completely, there is no strong evidence linking myocarditis after mRNA COVID-19 vaccine 
administration to SARS-CoV-2 or other viral infections (Abu Mouch et al, 2021, Mclean et 
al, 2021; D'Angelo et al, 2021; Albert et al, 2021; Muthukumar et al, 2021; Montgomery et 


al, 2021). 


4.3.22. Genetic predisposition and pre-existing conditions 


Possible predisposing factors for the development of myocarditis with COVID-19 mRNA 
vaccines, including genetic factors, baseline comorbidities, immunity or autoimmunity 
profile, have not been fully explored. In the reported case studies where evaluation of such 
predisposing factors were described, relevant information is briefly summarized below. 


Prior history of ‘myocarditis - In a case report, a 29-year-old had an episode of recurrent 
acute myocarditis six days after the received the first dose of одета COVID-19 vaccine 
(mRNA-1273) (Tano et al, 2021). Although the causal nature of this recurrent myocarditis 
remains elusive, this case appears to be very peculiar as it occurred after the first dose of 
COVID-19 vaccine in a subject with a history of previously healed myocarditis (confirmed 
by cardiac magnetic resonance imaging) which had been treated with anti-inflammatory 


0, AR 4 " on со rdi g Bozku E seven 11% of 
B ' TM OVID-19 


pat developed m | 
(Bozkurt et al, . SARS-CoV-2 infection has been li the onset of autoimmune 
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myocarditis after COVID-19 v accination (see below “Pre-existing systemic immune- 


mediated diseases"). 
vocarditis has been described in 


eases - My bed i 
h as lupus, sarcoidosis, and 


Pre-existing systemic immune-mediated dis 
association with many systemic immune-me! 
developed my OVID-19 mRNA 


s. In one case report, J ; 
у тај hasa pest medical history of asthma, autoimmune hypothyroidism, and chronic 

atrophic gastritis. A vaccine-triggere manifesting as acute myocarditis 
was speculated in a cased individual (Bautista et al, 
were performed in this cased individual. In another repo! 


existing autoantibodies or anti-cytokine antibodies ехрепе! 1 
of pre-existing autoantibodies or anti-cytokine antibodies change in response to vacc 


(Arunachalam etal, 2021). In addition, in the USA, of the 8.5 million people with 
autoimmune diseases, 80% are women. This is in contrast the male predominance in 
myocarditis and pericarditis incidence post COVID-19 vaccination, arguing against pre- 
existing systemic immune-mediated diseases as à main cause of myocarditis and pericarditis 


after COVID-19 vaccination. 


ination 


een no reports of genetic mutations as a cause of 


myocarditis, many studies suggested that genes regulating inflammation may be important in 
determining susceptibility to disease. Genetic polymorphisms (eg. HLA allele polymorphism, 
Martinetti et al; 2011), epigenetic signatures (Movassagh et al, 2011a; Movassagh et al, 
2011b), and sex chromosome complement (Robinson et al, 2011) may influence the type and 
severity of inflammation during myocarditis. Panel testing of genes potentially linked to 
cardiomyopathy was included in a case report, but were negative (Muthukumar et al, 2021). 
However, potential predisposing genetic factors for the development of myocarditis with 
COVID-19 vaccines have not yet been fully explored and understood. 


Genetic factors - Although there have b 


Sex-related effects 


Myocarditis has been considered as a male predominance disease historically (Fairweather D 
et al. 2013). Reported female to male ratio of myocarditis is between 1:1.5 and 1:1.7 (Mason 
et al, 1995; Caforio et al, 2007; Magnani et al, 2006). Reported female to male ratio of DCM 
is between 1:1.3 and 1:1.5 (Bagger et al, 1984; Gillum et al, 1986; Coughlin et al, 1993). 


The reasons for male predominance in myocarditis and pericarditis incidence post COV 

19 vaccination remain unknown. In acute inflammatory reactions (such as ss or Pes) 
women have a better clinical course and survival, while in chronic inflammatory diseases і 
(such as severe asthma and chronic obstructive. pulmonary disease) women fare worse 
(discussed in Lefèvre et al, 2019 introduction). Both hormonal and genetic reasons have be 


postulated. Testosterone was reported to play a role through multiple mechanisms including 
ather et al, 2013; Lyden, 1987; Girón-González 


(35 1 


ive two XX chromosomes vs one in men, and 
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toll-like receptors (Lefèvre et al, 2019; Souyris et al, 2019). In female cells, noy NO M 
chromosome is inactivated to equalize gene dosage with males, but it is estimated thai s 
23% of X-linked genes escape inactivation so that both alleles are expressed ota 

2019), which could lead to differential immune responses in males vs females. In vi e 
studies have shown that stimulation of whole blood from males leads to greater УЧ ЖИ 
release compared with females, and that the differences cannot be completely explaine ЈА 
concentrations of estradiol ог testosterone (Lefévre et al, 2019). On the other hand, immu Я 
cells from females have been shown to have higher TLR7-driven responses vs E dA cells 
from males (Souyris et al, 2019); because TLR7 detects single-stranded RNA, n aA 
BNT162b2 is single-stranded RNA, this would be expected to result in greater in: amm Ty 
responses to vaccination in females. Thus, the role of sex in inflammatory responses 15 
complex and not well understood. Another contributing factor of male predominance in — 
myocarditis and pericarditis incidence post COVID-19 vaccination could be underdiagnosis 


in women. 


4.3.3. Immune-mediated mechanisms 


The involvement of host immune responses in myocarditis and inflammatory f . 
cardiomyopathy is well established. An example is viral myocarditis: in addition to the direct 
damages generated during viral infection, host immune responses may produce indirect у 
lesions of the cardiac muscle by killing cardiomyocytes that are infected (antiviral immunity) 
or uninfected (autoimmunity) (Zhao et al, 2018), Although the vaccine-induced immune 
response is linked mainly.to protective immunity, an undesired or exaggerated immune 
responses may potentially augment the risk of inflammation and immunopathology. 


A system-level analysis of innate and adaptive immunity to an mRNA vaccine revealed that 
BNT162b2 vaccination stimulated antiviral immunity with little type I IFN response after the 
first dose, and a notably enhanced innate response after the secondary immunization 


(Arunachalam et al, 2021). 


4.3.3.1. mRNA-LNP platform associated mechanisms of host immune activation 


COVID-19 mRNA vaccines contain LNP-encapsulated nucleoside-modified mRNA 
encoding the viral spike glycoprotein of SARS-CoV-2. The increased cases of myocarditis 
and pericarditis have been reported mainly after mRNA COVID-19 vaccination, while there 
has not been a similar reporting pattern observed after administration of COVID-19 vaccines 
using adenovirus vector vaccine platform. It is therefore worth discussing potential immune- 
mediated mechanisms related with the mRNA vaccine platform. ў 


One of the major hurdles during the development of the mRNA therapeutic platform is the 

degree of reactogenicity. The presence of unmodified uridine chemistry and dsRNA 

impurities contribute to the mRNA-LNP-associated immune activation in vitro and in vivo 

psc et al, 2020). Non-self nucleic acids are usually identified by two families of PRRs: 
endosom embrane- R and cytoy n nucleic 


à cleic acids. 

ug the B NI nb cs innate 
ystem th | the add leoside mo double- 

and RNA impurity, it is possible, especially in certain individuals with genetic 

predisposition and underlying conditions that the immune responses to mRNA may not be 


bound T] 


7514 


trand 
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e and adaptive immune response 


e activation of an innat 
matory cascades 


rned down and drive th 1 inn Ч 
activation of proinflam 


his may lead to the excessive 


sufficiently tu 
of myocarditis. 


(Река et al, 2016). TI 

which contribute to the development 

Lipid components in the LNP may also activate host immune responses following systemic 

or local administration (Hou et al, 2021). For example, PEG-lipids may stimulate the 

complement system. Cationic and ionizable lipids have also been reported to stimulate the 

secretion of pro-inflammatory cytokines and reactive oxygen species. Although the immune 
been fully understood, complement system and Toll-like 


responses to these lipids has not yet ц 
receptors may participate in innate immune activation (Hou et al, 2021). Also, minor 
differences in biophysical characteristics of LNP (eg. particle size, homogeneity, shape and 


liposome lamellarity), may also have an effect. 


4.3.3.2. Vaccine-associated autoimmunity 
Vaccine-associated autoimmunity is a well-known phenomenon attributed most often to 
either the cross-reactivity between antigens or the effect of adjuvant. For example, HPV 
vaccine is linked to Guillain-Barré syndrome and other neuropathies (Watad et al, 2017). For 
licated due to the nucleic acid 


COVID-19 mRNA vaccines, this matter becomes more comp 
formulation and presence of LNP as discussed above. SARS-CoV- infection has been 


linked to the development of autoantibodies and the onset of autoimmune diseases (Talotta et 
al, 2021; Vojani et al; 2020). This observation raises-the speculation. that а similar scenario 
might occur following COVID-19 vaccination (Talotta et al, 2021). However, it is worth 
noting that immune responses to COVID-19 infection and ће BNT162b2 vaccination are 
different (Arunachalam et al, 2020; Arunachalam et al, 2021). In one study, none of the 
healthy volunteers are reported to develop autoantibodies after BNT162b2 vaccination 


(Arunachalam et al, 2021). 


In one published report of myocarditis after COVID-19 vaccination (Muthukumar et al 
2021), a 52-year-old man developed symptoms consistent with myocarditis 3 days after 
receiving the second dose of Moderna COVID vaccine (mRNA-1273). This patient was 
negative for active SARS-CoV-2 infection and has no previous history of SARS-CoV-2 
peters ie е spike IgM and IgG neutralizing antibody levels were 

mparable in this patient versus a vaccinated individual witho iti i 
myocarditis in this cased individual is not vaccine antibody PARU nd Ee d Ў 


4.3.3.3. Delayed hypersensitivity 

Published reports to date do not suggest a delayed hypersensitivity reaction (D'Angelo et al, 
2021; Bozkurt B et al, 2021). None of the case reports published to date had evidence of | 
eosinophilia in peripheral blood or immune complex deposition or eosinophilic infiltrates in 
endomyocardial biopsy samples arguing against hypersensitivity, allergic or eosinophilic 
myocarditis (Bozkurt et al, 2021). 


4.3.4. Molecular mimicry to spike protein 

Another potential mechanism for myocarditis and pericarditis is molecular mimicry between 
the spike protein of SARS-CoV-2 and self-antigens. A recent preprint (Marrama et al, 2021) 
examined whether previously identified myocarditis antigens (35 antigens were explored) 
contained any sequence homology to SARS-CoV-2 spike protein-derived peptides. The 
authors found no significant enrichment and concluded that increased occurrence of 
myocarditis after SARS-CoV-2-spike vaccination is not supported to be mediated by a cross- 


reactive adaptive immune response. 


In order to further explore the phenomenon of molecular mimicry, we undertook a study 
(211Т091) to determine if there are human endogenous proteins that contain peptides with 
strong homology to the spike protein. Such homology could potentially lead to immune 
responses raised against the vaccine to cross react with human proteins. The SARS-CoV-2 
spike protein sequence (1,275 amino acids) that was used to construct BNT162b2 was used 
to search the public protein database UniProt for human proteins containing homologous 
peptides. Since the focus-of the study was to-understand if there was an association to peri or 
myocarditis, heart expression data (Human Protein Atlas and internal Zoomap) was also 
considered for any potential endogenous proteins containing homologous peptides. 


No peptides >9 amino acids with 100% similarity in human endogenous proteins were 
identified. Only two proteins containing 8-mers with 100% similarity were identified; 
unconventional myosin-XVI (MYO16), a cytoplasmic protein and amiloride-sensitive 
sodium channel subunit alpha (SCNN1A) that is a plasma membrane protein. Neither of 
these proteins are predominantly expressed in the heart, MYO16 is most highly expressed in 
the cerebral cortex, testes and frontal lobe at the mRNA level (Zoomap). SCNN1A has broad 
tissue expression and is very low in heart (Zoomap). Therefore, these two proteins are not 
considered to be potential antigen mimics that could lead to peri or myocarditis. 


The typical length of MHC-I peptide epitopes is 9-mers and MHC-II peptide epitopes is 15- 
mers respectively, however the percent similarity required for cross-reactivity is uncertain. 
Therefore, proteins containing shorter peptides with 75-100% similarity were evaluated 
further. There were 22 heptapeptides and 354 hexapeptides identified with 100% homology 
to human proteins. These results are very similar to those reported by Kundac and Shoenfeld, 


2020. Since iis not епа ао i 0% homology is necessary for cross-reactivity, human 
proteins containing peptides (6-10-mers) with 75-100% homology to the spike protein were 


ж h not 


immunogenicity potential was explored with predictive algorithms in the Immune Epitope 
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). This resulted in six 
profile and may 


n (http;//tools.iedb.org/main/tcell 
tigenic mimic 


nly one, nebulette (NEBL) has a heart-specific expression 
jac myofibril assembly. To determine if NEBL is a true ап 
ds to be tested. 


Database: T-cell epitope predictio 
proteins of which o! 
be involved in card 
and leads to cross reactiv ity nee 
echanism of vaccine induced peri or 
hanisms could be involved between 


en mimicry is an unlikely m 
ts need to be performed to 


at multiple тес! 
dividual. Additional experimen’ 


In conclusion, antig 
myocarditis. It is also possible th 
individuals, or within the same in 
determine the mechanism(s) involved. 
5. ANIMAL MODELS OF MYOCARDITIS AND PERICARDITIS 


Myocarditis models 

Myocarditis has an assortment of causes, including infectious, autoimmune, and toxic. Many 
animal models have been developed to help elucidate the pathophysiology of disease 
induction by these various mechanisms. Infectious disease models of myocarditis include 
viral (e.g., coxsackievirus B3 [C VB3]-induced), bacterial (e.g. Borrelia-induced), or 
protozoal (e.g., Trypomastigotes-induced). Non-infectious disease models include 
autoimmune myocarditis (eg, experimental autoimmune myocarditis [EAM], which is 
induced by administration of cardiac myosin or Complete Freund's Adjuvant), and toxic 
models to understand drug-induced toxicity (eg, PD-1 deficient or CTLA-4 knockout mice to 
study immune check point inhibitor-related myocarditis) (Blyszezuk 2019; Tschópe et al, 


2021; Upadhrasta et al, 2019). 


Most often, mice and rats are the species used for myocarditis models. The relatively low 
cost, ease of handling, short disease induction times, and rapidity of development of 
phenotypes are the primary reasons for their use in myocarditis studies. Although larger 
animals such as dogs, NHPs, guinea pigs, sheep, and pigs may have more direct relevance to 
humans, they have considerable disadvantages compared to mouse or rat in terms of expense 
space, reagents, and ethics. Because of this, large animal models have been rarely used to 


study myocardial disease (Ross et al, 2013). 


Disease course in both infectious and non-infectious animal models depend i 
background (i.e., species and strain) and sex. Mice are often used. In EE AM 
myocarditis model, BALB/c, A.BY/SnJ, and A/J mice, but not C57BL/6, progress to a 
phenotype of inflammatory dilated cardiomyopathy (DCM), аб AM am by chronic 
myocarditis, myocardial fibrosis, and cardiomyopathy (Fairweather et al, 2007). Similarl 
mice on BALB/c, A/J or ASW background which have more mast cells и ДЕА ТЫВА are 
susceptible to EAM, while mice on C57BL/6 background are resistant (Blyszezuk 2019) 
Chronic inflammation develops in male animals more often than females. Male mice with 


Тате | 
ЈЕ 


2020). Cardiac inflammation during del ochenta 
g CVB3-induced myocarditis in mice was increased b 
testosterone and reduced by 17f)-estradiol (Coronado et al 2019). In the EAM model, aic 
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Lewis rats showed an impaired inflammatory response and an exaggerated collagen 
ted a protective response 


deposition affecting the cardiac function while females demonstra! 
(Barcena, 2021). Animal age is another determinant for the development of myocarditis. 
Murine adenovirus-1 was shown to induce myocarditis in C57BI/6 mice age in an age 
dependent manner causing neonatal mice to develop lethal infection; on the other hand, 
infection was not lethal in adult mice (McCarthy et al, 2015). Finally, housing conditions or 
environmental factors may also influence the myocarditis outcome in these animals. For 
example, in CVB3-induced models mice exposed to bisphenol A leached from plastic cages 
and water bottles had increased myocarditis and pericarditis compared with mice housed in 
glass cages that drank out of glass water bottles (Bruno et al, 2019). 


Both infectious and non-infectious models have their advantages and disadvantages. 
Infectious models combine the immune response involved in pathogen clearance with 
autoimmune responses and hence more closely reflect the physiological processes in the 
human disease than do models of EAM. For example, high titers of heart-specific 
autoantibodies (eg, troponin autoantibodies) have been detected in mouse models following 
CVB3 infection; heart-specific autoantibodies are also commonly detected in human 
myocarditis patients (Blyszczuk 2019). Like humans, autoimmune responses (eg, to cardiac 
myosin) following infection in animal models contribute to the cardiac pathology (Huber, 
1997; Blyszezuk 2019). However, handling of zoonotic infectious agents is hazardous and 
requires special containment, and it is often difficult to uncouple autoimmune responses from 
immune responses involved in pathogen clearance in infectious models. Non-infectious 
models facilitate the investigation of the progression of myocarditis to inflammatory 
cardiomyopathy and DCM and allow interrogation of the involvement of specific 
components of the immune system in the disease process without complications from the 
infectious agent or autoimmune responses that are often generated in infectious models. 


The course of myocarditis among humans varies widely, depending upon the individual 
genetic makeup, causative agents, autoimmune response, course of inflammation, 
progression to DCM/inflammatory DCM, age, and sex (Di Florio et al, 2020; Elamm et al, 
2012; Tschópe et al, 2021). These factors should be carefully considered along with animal 
specific factors described above (such as strain, housing conditions) when developing an 
animal model of myocarditis. Although many animal models have been developed, they 
rarely if ever reproduce the full spectrum of human myocarditis. imal models have been 


mouse model upon intravenous administration of the BNT162b2 mRNA vaccine (Li C et al, 
2021). However, the ТУ dose used in this study was extremely high (almost 500 times the 


‘given to humans) an did not develop heart lesions with the clinically 
recomme ІМ rout i latable to 
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ere reviewed early in the pandemic 
; Mufioz-Fontela et al, 2020). SARS-Cov-2 spike 
or rat ACE2 receptors, and therefore normal mice are 
dels for evaluating SARS-Cov infection by wild type virus (Zhao et al 
2020, Piplani et al 2021). This also means that normal mice or rats are likely not suitable for 
assessing direct effects of the spike protein binding to ACE2 receptors, or downstream 
effects. However, recently emerging SARS-Cov-2 variants containing N501Y can infect 
mice and rats and lead to disease (Shuai et al 2021). Transgenic mouse models where human 
have been developed (Mufioz-Fontela et al 2020). In contrast 

of "original" SARS-Cov-2 does bind to ACE2 receptors in the 
Syrian hamster, ferret, rabbit, rhesus monkey, and cynomolgus monkey (as well as other 

1 models for assessing 


ao et al 2020, Piplani et al 2021), making them potential 
nding to ACE2 receptors (in addition to being models to 
Cleary et al, 2020b; Mujioz-Fontela et al 2020). It 
has been shown to circulate in exosomes (Bansal et al 
(Eguchi ега! 2019) and allow spike protein 


Animal models for COVID-19-related myocarditis W 
(Cleary et al, 2020a; C 
t effectively bind mouse 


leary et al, 2020b 


protein does no 
not suitable mo 


ACE2 receptors are expressed 
to the mouse, the spike protein 


species) (Zhi 
effects related to spike protein bi 
study infection [Cleary et al, 2020a; 
should also be noted that spike protein 
2021), and these could fuse with cardiomyocytes 


to enter the cell. 


Pericarditis models 

Unlike myocarditis, the number of animal models developed and tested for pericarditis is 
rather limited: There are few reports in the literature on animal models of pericarditis, 
including right ventricular perimyocarditis induced by CVB3 infection in BALB/c mice 
(Matsumori et al 1980), pericarditis in sheep induced by injection of heat-killed 

staphylococci and Freund's adjuvant directly into the peritoneal cavity (Leak et al, 1987), 
development of pericarditis in TGF-f1-KO mice (Kulkarni et al, 1995), and 
pericardiectomy-induced pericarditis in dogs and pigs (Page et al, 1986; Loging et al, 199) 
None of these earlier models demonstrated the presence of pericardial constriction which is a 
rare but significant complication of acute pericarditis. To study constrictive pericarditis 
associated with autoimmune heart disease IFN-y-knockout mice model was developed. This 
model develops grossly detectable adhesive pericarditis and is characterized by increased 
pericardial inflammation and fibrosis (Afanasyeva et al, 2004). Recently, a rat model of 
constrictive pericarditis has been developed by injecting a solution of 1-mg/mL 
lipopolysaccharides [0.5 mL] and a 10% tale suspension [0.5 mL] (Wang et al, 2020). The 
role of NLRP3 inflammasome in pericarditis was studied recently by veine a Um 
model of acute pericarditis through the intrapericardial injection of zymosan A (Mauro et al, 


2021). 


Conclusion: Currently there are по. good, established animal models to study vaccine- 


ds 


associated m or 
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section 4.2), the incidence is generally very low and underlying cause/pathogenesis is 
unknown. The mechanism and pathogenesis of reported COVID-19 vaccine-related у 
myocarditis is also unknown at the present time. Although it should be possible to determine 
the effect of vaccination on a model with underlying autoimmunity or DCM, the 
translatability to humans is unclear. Thus, there is currently no good model of vaccine- 
associated myocarditis and/or pericarditis in animals, although model development could be 


explored. 


6. OTHER POTENTIAL INVESTIGATIONS INTO CAUSE OF 
MYOCARDITIS/MYOPERICARDITIS 

The diagnosis of myocarditis/myopericarditis is primarily based on clinical presentation, 
histopathology and immunohistochemistry (including anti-CD3, T lymphocytes; anti-CD68, 
macrophages; anti-CD20, B lymphocytes; and anti HLA-DR, antigen presenting cells 
including macrophages, dendritic cells and B-cells) of endomyocardial biopsy samples (gold 
standard), advanced non-invasive imaging methods (ECG, nuclear imaging, cardiovascular 
magnetic resonance [CMR] imaging), presence of inflammatory biomarkers (C-reactive 
protein, erythrocyte sedimentation rate), cardiac biomarker elevations (cardiac troponins and 
natriuretic peptides), inflammatory and immune cell markers and cell ratios, microRNAs and 
antibodies (Tschópe et al, 2021). Circulating exosome analysis could provide an innovative 
future approach to myocarditis/myopericarditis diagnosis. The presence of serum exosomes 
containing a specific miRNA profile (panel'including has-miR-30a, hsa-miR192, hsa-miR- 
146a, hsa-miR-155, and hsa-miR-320a may serve as more sensitive indicators of myocarditis 
than cTnI, but would not distinguish vaccine-related myocarditis from other causes 


(Yingying et al, 2021). 


There are no biomarkers that provide a definitive diagnosis of vaccine-related myocarditis 
(vaccine as cause of myocarditis). The diagnosis of vaccine-related myocarditis is based on 
clinical presentation and exclusion of other causes of myocarditis, including microbial 
infection, systemic disease (eg, coronary artery disease, kidney failure, cancer, tuberculosis), 
exposure to cardiotoxic substances (eg, phenytoin, warfarin, heparin, procainamide), and 
systemic immune-mediated diseases. Infectious myocarditis is confirmed by viral genome 
analysis of EMB samples via quantitative PCR. Autoimmune myocarditis has negative PCR 
for infectious agents with or without serum cardiac autoantibodies (anti-heart autoantibodies 
(AHAs) and anti-intercalated disk autoantibodies (AIDAs) (Caforio et al, 2013). In addition, 
the idiosyncratic nature of myocarditis/myopericarditis suggests that genetic, host, and 
environmental factors contribute to susceptibility, progression, and prognosis. Provocation 
tests could ascertain the causal relation between vaccination and myocarditis/myopericarditis, 
but these are generally not performed for ethical reasons. i 


Although there are no definitive tests to prove a causal 
vaccine and myo/myo| ditis, human tissues p 


involved. йо 
circulating ап 
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of circulating leuko 
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1 n cardiac 
rt, and HLA class I and II expression о 
g immune cells may be informative because changes 


ctive 
in peripheral T cell subsets including regulatory T cells, Thl, Thi cio 
alpha-myosin heavy chain autoreactive T cells have been associate TS aia 
(Vdovenko et al, 2018, Zarak-Crnkovic et al, 2019, Myers et al, 20 ). In F. a és 
circulating dendritic cells subsets have been shown to be reduced in humans i pur = 
(Pistulli et al, 2020). If available and obtainable, stored pre- and posi Vecina na EM. 
specimens from affected and unaffected military personnel could be assessed or pre- g 
serum anti-heart antibodies to rule out autoimmune mechanisms. In addition to tissue ^" 
analysis, a variety of in vitro assays may be utilized to elucidate myocarditis/myopericarditis 
mechanisms, including auto-reactive T cell and B cell proliferation assays, cytokine 
induction by cardiac antigens, cytotoxic response assays. and surface plasmon resonance 
assays to characterize potential autoantibodies involved in myocarditis (Landsberger et al, 


2008). 


extracted from peripheral blood and ћеа 
tissue. Immunophenotyping of circulatin 


arditis 


g of healthy convalescent plasma or affected 
could demonstrate an antibody- 
xtracted 


assays comparing bindin 
heart tissue or affected heart tissue 
A similar analysis could assess binding to € 


Tissue cross-reactivity 
plasma to healthy human 
mediated immune mechanism. 
myocardial proteins. 

lecular mimicry could play a role in vaccine- 
associated myocarditis/myopericarditis, clinical specimens could be interrogated for 
infiltrating lymphocytes in myocarditis/myopericarditis and injection site by T cell receptor 
next generation sequencing (СРЕЗ region, the antigen-binding portion-of the T cell receptor 
beta chain) could address the distribution, clonality and diversity of T cell receptor, and 
determine if clones are shared between cardiac lymphocytes and injection site lymphocytes. 
In addition to the role of T cells, mechanisms that involve other cellular components of the 
immune system including B cells, NK cells, dendritic cells, and macrophages can be 


explored both histologically and using in vitro assays. 


7. SUMMARY OF POTENTIAL MYOCARDITIS/PERICARDITIS MECHANISM(S) 
AND RECOMMENDED ACTIVITIES 
Myocarditis and/or pericarditis have previously been linked with vaccine administration. 
especially smallpox vaccination; however, a definitive mechanism has not been identified. In 
reviewing the potential known causes of myocarditis or pericarditis in general, an immune- 
mediated mechanism seems most likely. It is possible that the innate immune response 
generated by the mRNA COVID-19 vaccines could lead to myocarditis in individuals with 
an underlying condition/predisposition to myocarditis. 


If in silico investigations suggest that mo! 


There аге no established models for vaccine-related m: iti atabili 
blish dels for vacci yocarditis and translatability of any 
results generated in aire or in vivo in animal models to patients is unclear. Until a better 
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At the present time, there are a number of discussions on what additional work could be 
done, and what should be done. Rather than include that rapidly evolving information in this 
white paper, colleagues should reach out to contributors to this document for the latest 


information. 
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